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I. INTRODUCTION 

Two-photon absorption In NO has baan shown to offar a practical means 

• 

of aaasurlng fluctuating temperatures In cold turbulent flows saadad with 
trace concentrations of tha absorbar. 1 In support of that work* we report 
hare a eaasuraaant of the absolute two-photon absorptivity for rotational 
transitions in the NO y(0,0) band and we describe sobs studies of its 
fluorescence-excitation spectrum. Our approach for characterising the 
entire band is to first confirm the accuracy of a theoretical eodel for 
the relative rotational transition strengths and then to scale the pre- 
dicted absorptivitles , using an absolute measurement of one of the 
strongest isolated lines in the band. 

In the sections to follow, two separate laser systems are described. 
The first is a relatively simple system that is suitable for scanning. 

It was used to obtain relative line strengths and spectral positions in 
several regions of the spectrum where individual rotational transitions 
are most easily resolved. The results are compared with predictions 
based on rotational line-intensity factors from an intermediate-coupling 
model for two-photon transitions, developed by Halpern et al. z Ue then 
describe a second experiment to measure the absolute absorptivity of the 
Sn + R 21 (J" - 7-1/2) transition, using a predominantly single-mode 
pulsed dye laser that minimizes experimental uncertainties due to indeter- 
minate temporal and spectral effects. Our measurement is compared with 
the only other two-photon absorptivity measurement for NO known to us, 
that obtained by Hochstrasaer et al . 1 from a three-wave mixing 
experiment . 


2 


II. ROTATIONAL SPECTRUM STUDIES 

A. Experimental description 

To confirm both tho rocont theoretical nodal of Halpam at al. * for 
predicting relative line atrengtha and the eatabllahed tern coefflcienta 
for predicting relative spectral positions, we first acanned the aelectad 
reglona of the spectrue ahown in Fig. 1. A Molectron DL-200 dye laaer 
pimped by a nitrogen laaar was used, giving 5-ns pulses of 50-100 uJ< 

Laser linewidths were c /pically 0.3 cm' 1 . The average pulse energy was 
aaintained at a near-constant value over the scanning range fron 448 to 
455 na by annually adjusting the punp energy. Following each laser pulse, 
broadband fluorescence in the spectral range fron 225 to 330 na, fron the 
A 2 E + (v* ■ 0) state, was detected on an optical axis at 90* to the focused 
laser beam. The detection system consisted of f/1.2 f used-silica optics 
followed by a Schott UG-5 absorption filter and an EMI CsTe solar-blind 
photomultiplier. Signals were integrated and averaged with a PAR 164/162 
boxcar integrator. 

B. Relative line strengths 

The spectral regions studied in detail here complement similar inves- 
tigations by Halpern at al . , 2 who reported the relative strengths of 
rotational transitions in the On branch of NO y(0,0), and by Bray and 
Hochstrasser, * who studied the 0i 2 branch. An example of our measurement 
is shown in Fig. 2 for the spectrum in a region dominated by overlapping 
R and S branches. Measured relative peaks compare exceptionally well 
with the synthetic spectrum generated using Halpern' s intensity factors. 
The results of more specific seasurements , in which extensive signal 
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averaging kt each of th« lino peaks performed, ui shown In Fit* J 
for Mloetod transitions in tho Su + ftti branch. Theory and experiment 
atraa within the experimental uncertainty over a wide rente of initial 
rotational statea. 

Siailar reaulta were obtained for the 0 lt branch, with the exception 
of the J" ■ 10-1/2 tranaition. A conparlaon of the experimental and pre- 
dicted apectra for near colliaion-free condi tiona la shown in Fig. 4. The 
abaorptlvlty of the J" - 10-1/2 tranaition conalatantly was found to be 
approxiaately one half of ita predicted vilua, at laaat aa neaaured by 
monitoring fluoreacance from the k 2 Z+ (v* - 0) atate. Efforta to remove 
poaalble impurities made no difference; but, as cell pressure was increased, 
either by adding MO or Mi, the apparent absorptivity increased toward 
its predicted value. Equivalent observations have been reported by 
others. 11 » 5 We also found that by decreasing the laser linevidth to 
approxiaately 0.1 cm"* 1 , peak abaorptlvltles approaching the predicted 
value were obtained at all cell pressures. 

Finally, additional anomalous line peaks were found in the On branch 
of the y(0»l) band for me J" • 8-1/2 and 12-1/2 transitions, with 
siailar behavior caused by variations in pressure and laser linevidth. 
Subsequent experiments were performed using two synchronously pimped dye 
lasers, each at a different nonresonant frequency, but with their sum 
equal to the y(0.0) On branch tvo-photon resonance. With that mode of 
excitation, the effect was completely absent, giving experimental and 
predicted spectra that matched well for all transitions at any cell 
pressure. A possible explanation of the causes for these anomalous line 
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absorptivities has racently bran of farad . 9 but the details still appear 
to warrant further study. 

C. Spectral positions 

In addition to the line-strength studies, relative spectral positions 
of individual rotational transitions obtained froa our spectra rad fro* 
the very high resolution scans of Wallenstein and Zacharlas* were coapared 
with tern values from the recent literature . 7 * 8 The comparisons reveal 
that two-photon fluorescence excitation spectra offer enhanced sensitivity 
for determining the rotational term coefficients over conventional single- 
photon emission or absorption spectroscopy. The additional sensitivity 
is due to the presence of overlapping R and S branches containing easily 
resolved transitions from large values of J". As a result, we found that 
the term expressions formulated from the intermediate-coupling model of 
Engleman and Rouse 7 provided an adequate spectral model, but their coeffi- 
cients were not sufficiently accurate to reproduce the relative positions 
of large J" transitions in the overlapping R and S branches. In fact, 
relative line positions were transposed in some cases, and corrections 
could only be made by adjusting the fundamental rotational constants, 

B y , and B v „. Reasonable changes r.o higher-order coefficients were not 
adequate. Since our initial comparisons, Freedman and Nicholls 8 have 
reanalyzed Engleman' s data and have also made adjustments to the rota- 
tional constants. We find now that the use of the coefficients from 
Freedman and Nicholls 8 and the term expressions from Engleman and Rouse 7 
reproduces our experimental spectra within the resolution of the data in 
all regions of the y(OtO) band studied. 
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Aa Ref. 1 describes, cha R, S ragloo ia of greatest lncaraat for 
our thermometry application. Tha atudlaa dlacuaaad In this aactlon hava 
confirmed that ralativa two-photon rotational abaorptlvltlaa in that 
region are generally wall behaved and can be deacrlbaa with apparent 
accuracy by the Intermediate-coupling models tested . 2 ’ 7,1 With those 
results, one then needs only to determine the absolute absorptivity of 
a aingle transition to scale the entire spectrum. 

III. ABSOLUTE Six + R 21 <J" - 7-1/2) ABSORPTIVITY 
A. Definition of parameters 

The absolute measurement of a multiphoton process is always done 
with greater risk of inaccuracy than its single-photon equivalent because 
of the quadratic dependence on spatial, temporal, and spectral properties 
of the incident beam. Thus, to identify the essential attributes of an 
experiment in which the uncertainties are minimized, we first define the 
experimental parameters associated with two-photon absorptivity and the 
effects of their uncertainties on its measurement. Of particular interest 
are the field-correlation and spectral properties of the laser related to 
its axial modes. 

As derived in Ref. 1, the two-photon absorptivity for an unsaturated 
transition between lower and upper states, |i> -► |u>, may be evaluated in 
terms of the experimental parameters by the coefficient, 



where t, and t are the fluorescence lifetime and the collisional 

f c 

decay time respectively, E f is the total fluorescence energy emitted 
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following excitation, k Q is a characteristic laser beast cross-sectional 
area conveniently evaluated at the focused beam waist, L is the axial 
length of the beam viewed by the fluorescence detector, and is the 
Initial number density of absorbers in the lower state. The experimentally 
dependent parameter, Q^, contains all of the information describing the 
two-photon interaction of the incident beam with the absorbing gas. 

Equation (1) is valid for cases in which the laser field duration is 

short compared with the decay time of the upper state but long compared 

( 2 ) 

with its collisional dephaaing time. In any case, may be related 

to the molecular properties of the absorber through a two-photon matrix 
element according to 1 


M 


u£ 


hV 


u£ 


> (2) 

u£ 


[cm 6 
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where hw^ is the transition energy. In contrast to Eq. (2), a two- 
photon absorption parameter appearing often in the literature is defined 
by 


6 ui " 7T “l 8 (u u£ ” 2w L )G(2) l M uJ 2 » [cm^-sec/photon] (3) 

where is a monochromatic laser 

sition line-shape function, and is a second-order field correlation 

or coherence function. However, 5 implicitly contains the dependence 
of the line-shape function on the experimental conditions, and it is 
applicable only if the spectral width of the laser is very narrow com- 
pared with that of the absorbing transition, as with a single-mode laser. 


frequency, g(m ui “ 2u^) is the tran- 
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Regardless of the absorptivity parameter used, tha accuracy of Ita 
measurement will depend on a datarmination of Q^, dafinad in ganaral for 
a aingla-baaa axparlaant aa 

Or " iG (i) pf fo(t)dt . (4) 

o ' 

vhara ia a focusing function that daacribaa tha fiald intensity vari- 
ation along tha beta axis, P L (t) is tha tiae -dependent lasar povar , and 
tha intagral extends over the duration of the lasar pulse. Tha product, 
SC (J) , describes tha combined , and sometimes inseparable, affects of tea- 
poral coherence and tha convolved spectral distributions for the incident 
baaa and the absorbing transition. 

The convolution Integral may be written in general tarns as 


i - J £ 8(<*» U £ - u.' - - w)g^(:j L - u>')d(u>^ - uijdtai^ — o>* ) 

(5) 

where g(u u£ - id - w') is Che normalized transition line-shape function 
centered at and g^ui^ ~ w) is the normalized frequency distribution 

for the laser centered at Typically, however, g^Cu^ - u>) ia not a 

continuous function but a coaposite of axial modes appearing as delta 
functions under a gain-envelope. Under those conditions, G ^ can have 
a different value for ..he interact! or between each pair of modes. For 
fields with one or more statistically independent modes, can range 

froa a value of unity for the self-interaction (auto-correlation) of each 
mode to a value of 2 for Che chaotic interaction (cross-correlation) of 


uncorrelated pairs 


i i; 
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Of All of chA parameters in Eqs. (1) And (4) requiring AVAluAtlon to 
obtAln control of the product gG^ 2 ^ placaa tha graataat daaanda 

on tha lasar performance. Tha laaat ambiguous casa is that of a singla- 
baaa experiment with a singla axial mods. Tha auto-correlation function 
is than aqual to unity and Eq. (5) raducas to g ■ g(w ui ~ 2**^). Howavar, 
avan tha short cavity langth of our dya oscillator occasionally allowed 
adjacent modes to oscillate simultaneously. Typically they are uncorre- 
lated, * giving a cross-correlation function - 2 in tha extrema 

case. In any casa, the effect of multimode uncertainties on tha product 
go/ 2 * is not large if the laser is constrained to just a few modes. 

To illustrate tha size of their effect, sample calculations are sum- 
marized in Table I for the single-mode case and for tha multimode patterns 
seen most frequently in our experiment. The transition line-shape func- 
tion, including the influence of collision oroadening for a cell pressure 
of 115 Torr, is represented by the Voigt function data, and the Doppler- 
function data represent negligible collisional broadening. Voigt param- 
eters used for the NO y(0,0) band were taken from Ref. 13. The total 
intensity in all modes is the same for each pattern. Table I shows that 
although the absorption is strongly dependent on the transition linewidth, 
it is only weakly affected by the variations in mode patterns. Further- 
more, the ratio of absorption for collision-broadened and Doppler- 
broadened conditions, averaged over many pulses, can provide an indication 
of the degree to which the laser is operating with a single axial mode. 

The spatial properties of the incident beam, represented by $ L and 
Aq in Eq. (4) are also requived to determine Q^. Their evaluation is 
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least tablguoua for a diffraction-limited baas In eha lowest -order trana- 
varaa aoda. For example, In eha abaanca of saeuratlon , eha focusing func- 
tion for apharlcal mvai with a Gaussian variation in amplitude traaavaraa 
to eha baas axis la known to ba 



where b - A«u^/c la tha confocal parameter, L la tha length of bean 
cantarad on tha focal point that ia vlawei by tha collactlon optica , and 
A« ia tha minimum arar of tha focuaad baaa defined by tha radius at 
1/a 3 of tha paak intensity. For 2b/L « 1 (jmall A«), becomes 
inaanaitlve to Ao asking an accurate knowledge of its value uninportant. 
In practice, Ao was aaaaurad using a series of calibrated apertures. 

Tha reaaining >«rameters in Eqs. (1) and (4) reduce tc tha ratio, 
Ef/J dt. Although Its elanants aay each ba aaaaurad directly, in 
practice this ratio contributed tha largest uncertainty to tha evaluation 
of In our experlaents, it was obtained by simultaneously 

recording the fluorescence and laser teaporal waveforms for cc'h 
laser pulse using transient digitizers. The waveforas were than 
integrated, ratioed, and averaged over a large nunber of pulses. Again, 
the single-node nature of the laser enhanced tha accuracy of this 
process, because it provided a smoothly varying laser waveform that 
was easily resolved by tha bandwidth of tha detector and recording 
electronics. However, even after rejecting multimode and anomalous 
waveforms, we still experienced a 25Z uncertainty for the average 
value of the ratio when comparing measurements made at different 
times. This result, which is a manifestation of several 
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residual af facts, including lasar frequency drift fro* the line peek end 
the low intrinsic signal- to-noiae ratio of the detected fluorescence 
signals, a ay be coopered with the uncertainty in normalizing the linear 
power integral, Jp L <t)dt, by the laser pulse energy measured directly 
with a jouleaetar. In that exercise an uncertainty of only a few percent 
resulted. 

3. Experimental arrangement 

A re hematic of the dye laser and fluorescence data acquisition sys- 
tem is shown in Fig. 5. The pump beam was the third-harmonic output of 
a Quanta- Ray DCR-1A Nd:YAG laser equipped with a harmonic generator and 
electronic line-narrowing (ELN) device. 1 * 1 The Nd:YAG system was operated 
at 10 Hz to produce 10 mJ pulsej at 355 nm with durations of 6-8 nsec. 

Over half were slngle-axlal-moae pulses with Gausitian-likr waveforms 
controlled by the ELN. The smoothness oi the pump pulse was an essential 
aspect of the experiment that insured our ability to temporally resolve 
the waveform of the dye laser and improve the stability vf its single mode 
operation. The dye oscillator had a dual-grating grazing incidence con- 
figuration similar to the design of others. 15,1 ‘ A mixture of Coumarin 1 
and 2 in ethanol was transversely excited in flowing dye cells to obtain 
oscillation at wavelengths in the range centered at 452 nm. The oscil- 
lator was constrained to (predominately) one axial mode by the spectral 
bandwidth of the dual-grating arrangement. However, further enhc.«.«ment 
was obtained by double-pumping the dye in a manner analogous to the ELN 
scheme. 1 " A preconditioning pump pulse arrived first and started oscil- 
lation near threshold on the mode with highest gain. One cavity round-trip 
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time later, a second pump pulse added energy to the oscillating node. The 
output was then aap lifted and spatially filtered using a direct vision 
prisa and pinhole aperture. 17 The filtering suppressed superradiance to 
less than IX of the pulse energy. Typical pulse energies were 10 pj in 
2-4 nsec. Spectral widths were leas than 0.02 cm -1 FVHM for a single 
axial node based on the resolution limit of our Fabry-Perot analyzer. 
However, some node variations and spectral jitter occurred that contrib- 
uted to the uncertainty of our final aeasureaent . 

The nitric oxide sample cell was a 5 -cm dimeter Pyr ex-pipe cross 
with internal f/1.2 f used-silica collection optics. The focused laser 
beam wts polarized perpendicular to the plane of observation, with its 
observed axial length limited by an aperture at the second focal point 
ahead of the same filter /photomultiplier combination used in the scanning 
experiments. The waveform of each laser pulse was monitored with a 
Hamamatsu biplanar photodiode having a 300 psec rise time, and its 
integral was calibrated with a Molectron J3-05 pyroelectric joulemeter. 

The fluorescence and laser waveforms for each pulse were recorded by two 
Tektronix 7912AD transient digitizers and stored on magnetic disc by an 
HP1000 computer system. The fluorescence detection system was calibrated 
radiometrically by filling the sample cell with a variety of gases having 
well-known Rayleigh scattering cross sections 18 and measuring the Rayleigh 
scattering energy at 266 nm from the Nd:YAG fourth harmonic. The calibra- 
tion was corrected for the spectral response of the photomultiplier and 
filter combination to correspond to fluorescence in the range from 
225-330 nm. Before each nm, the dye laser was tuned to the peak of the 
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Su + R*i (J" • 7-1/2) transition and optlniiad for alngla-noda oparatlon 
by aonitoring tha Fabry-Perot fringe pattern mi an optical aultlchannal 
analyaar. Tba axial node « pacing was 0.05 cm" 1 , and tha frequency jitter 
aaaoclatad with each node waa 1 ms than 0.01 cm _x . During a run, data 
from 200 auccaaalva pulaaa could ba recorded and stored. 

C. Absorptivity naaaureaant 

To test tha accuracy of tha measurements, several aspects of the 
experimental ayatan were first verified. For example, tha absence of 
unresolved tanporal structure in tha dye laser waveforms was confirmed 
by aonitoring tha pulses with direct-access electronics having an overall 
rise tine of 400 psec. The waveforms continued to appear to be slowly 
varying over their duration. The linearity of the system was verified 
by testing the dependence of average fluorescence energy on the NO nuisber 
density, the focal area, and the square of the average laser power. 
Variations following chose expected according to Eq. (1) were observed 
in all cases within an experimental uncertainty of 10Z. Those results, 
along with the good agreement between predicted and experimental relative 
line intensities, were also taken to indicate the absence of saturation 
effects or higher-order interactions, such as multiphoton ionization or 
three-photon absorption, that might use the two-photon transition as an 
intermediate step. 

Our analysis of the effects of transition linewldth to evaluate 
gC^ 2 ) was tested by acquiring data both from pure NO at 3 Torr, where 
Doppler-broadening is dominant, and from 3 Torr of NO in 112 Torr of N 2 , 
where collislonal-broadening is substantial. The influence of N 2 quenching 
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on tha NO y(0,0) fluoraaeanea la known to ba negligibla 1,-11 
broadening af facta Influenced tha obaarvatlon. Conparlng tha two caaaa, 
tha lnplled ratio of iG^ ranged batwaan 2.0 and 2.3 with an avaraga 
of 2.18, In good agraanent with tha predicted ratio of 2.13 llatad la 
Tabla I for alngle-woda axel tat Ion. 

Conaldarlng all sourcaa of uncertainty and coaputlng thalr na davia- 
tion, wa obtain tha abaorptlvity, ■ 3.0 11.5 x 10”* 0 cnVJ. Valuaa of 
tha othar axparlaantal paraaetara defining tha condition! of our naaauraaant 
ara aiaanarizad in Tabla II. Tha corraapondlng aatrlx eleaant value la 
I m U £ 1 2 * 2 *8 *1*4 * 10" 51 ca‘ , which nay ba compared with the only other 
literature value for NO known to ua — that of Hochatraaaer at at . 1 
Hochatraaaer at at. reported a value for tha 0\i (J" ■ 6-1/2) tranaltlon 
in tha NO y(0,0) band that waa obtained ualng a three-wave nixing tech- 
nique daaignad to be inaanaitiva to the apatlal and tanporal propart lea 
of tha incident baama. Ualng tha predicted ratio of relative abaorptlvity 
for the two transltlona, their neaeuranent iapliea a value for tha 
Su + Rii (J” - 7-1/2) tranaition of l M ut l 2 * 0.7 * 10"* 1 cn*. Although 
their ssuremant la reported without a diacuaalon of the exparinantal 
uncercainty, wa find tha agreeaant to be aatiafylng conaldarlng tha 
axtrama differancaa in axparlaantal nathoda. 

IV. SUMMARY 

Two experiaanta ara raportad that coabina to quantitatlvaly charac- 
terize tha two-photon rotational abaorption apactrun of tha 
A 2 E + (v" - 0) - X 1 n(v” • 0) band in nitric oxide. Tha aathod uaad in 
both axperiaants la baaad on tha datection of inducad broadband fluoraa- 
cance aa a naaaura of tha two-photon abaorption. 
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In tha first experiment, a f raquency-scanaed laser is ussd to eval- 
usts ths rslstivs absorptlvities of individual rotational transitions 
ovar a vlda ranga of tha spactrua. Th# rasults ara compared with a syn- 
thatic spactrua basad on an intaraadiata coupling aodal for tha line- 
intensity factors. Tha synthatlc spactrua reproduced all of the details 
of tha experiment very wall but required tha use of recently modified 
fundamental rotational constants to duplicate tha spectral registration 
of individual lines in overlapping rotational branches, particularly for 
high initial rotational quantua numbers . 

A wall-characterized pulse-pumped dye laser system, operating pre- 
dominately with a single axial mode, was used in the second experiment to 
measure the absolute absorptivity of one of the strongest transitions in 
the NO y(0,0) band. The pertinent experimental parameters and the effects 
of their uncertainties on the measurement are discussed. When the laser 
is constrained to just a few statistically independent modes, the uncer- 
tainties due to temporal coherence are shown to be small compared with 
those associated with directly measurable quantities such as the fluores- 
cence energy and the laser power waveform. The requirements on the laser 
system ro allow a measurement to be made with reasonable .ertainty are 
found to be manageable, using recently developed pulsed laser concepts. 

The absorptivity value obtained is in acceptable agreement with the 
result of a similar measurement in NO in which a greatly different exper- 
imental method was used. 

The combined results of both experiments performed in this work allow 
quantitative estimates of the absorptivity for all two-photon transitions 
in the NO y( 0.0) band. 
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TABLE I. The effects of laaar mode pattern on tha two-photon 
line-shape convolution integral. 


Multimode case 3 

Doppler 

ic<*> 

Voigt 

(10~ 1# sec) 
Doppler/Voigt ratio 

■ A 

3.13 

1.46 

2.15 

■■ A 

3.07 

1.76 

1.75 

... A 

A 

3.33 

1.86 

1.80 

IV /Ilk 

3.40 

2.00 

1.70 

/ 2“ \ 
2(w-d) 2(u+A) 





Patterns are shown in order of probability of occurrence. 
The transition center frequency is 2 u and A denotes the 
mode spacing. The Voigt function pertains to NO y(0,0) 
band transitions collision-broadened by 112-Torr N 2 . 
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TABLE II. Experimental conditions for absorptivity naasurement 


Transition 


Laser source 


Absorptivity 


^Reference 13. 
^Reference 22. 


A*E + (v' - 0) - X a ni/ 2 (v H - 0) 

Sn + R 21 (J" “ 7-1/2) 

N t /N T (J".A) - 0.024 (300 K) 

Doppler FWHM "0.1 cm -1 

Voigt parameter 0 s 0.87 for 112 Torr N 2 

t. • 216 nsec^; t./t ■ 1.4 Torr" 1 ^ 
t r c 

X - 451.75 in, Au^ S 0.02 cn -1 FWHM (single node.) 

L ■ 0.05 cn, 4^ s 1 

Focal spot diameters: 35 to 85 urn 

a (a) “ 3.0 x 1<T 20 cmVj 
u£ 

|M J 2 - 2.8 x 10“ 51 cn* 

1 u£‘ 

5 ■ 4.2 x 10"** cm*-sec /photon for line center of a 
Doppler-broadened transition at 300 K 
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Figure Captions 

FIG. 1. Synthetic IK) y{0,0) band tug-photon excitation spectrua calcu- 
lated for 300 K and a Gauaalan line-shape function with an IWHM bandwidth 
of 0.3 cm** 1 (brackata Indicate the regions studied). 

FIG. 2. Experimental and predicted low-resolution two-photon excitation 
spectra in the NO y(0,0) R,S region; NO prasaura 1 Torr, laser bandwidth 
0.3 cm* 1 . 

FIG. 3. Relative rotational line peaks from the NO y(0,0) Su + *ai branch 
at 296 K. 


FIG. 4. Experimental and predicted two-photon excitation spectra in the 
NO y(0,0) O 12 branch; NO pressure 1 Torr, laser bandwidth 0.5 ca" 1 . 

FIG. 5. Experimental arrangement for the absorptivity measurement : 

BS, beam splitter; M, mirror; CL, cylindrical lens; DC1, dye-cell oscil- 
lator; DC2, dye-cell amplifier; G, grating (2400 l/am); BE, beam expander; 
DVP, direct vision prism; PH, pinhole aperture; I, iris; CP, calcite 
polarizer; FC, fluorescence cell; S, slit; PMT, photomultiplier; 

PD, photodiode; JM, joulemeter. 
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